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" Fine Structure in Some Infrared Bands of Methylene

Halides

Earle K. Plyler and W. S. Benedict

The infrared absorption spectra of methylene chloride, methylene bromochloride, and
methylene bromide have been studied with a high-resolution grating spectrometer in the
region from 1.6 to 2.3 microns, The purpose of these measurements was to determine the
molecular constants of these molecules from their spectra. Using the saturated vapor in a
cell 60 centimeters long, it was possible to resolve the fine strueture in three to five bands of
each molecule. All the resolved bands are overtones and combinations of fundamental
vibrations localized in the methylene radical, and hence appear at nearly the sarne fre-
quencies for each molecule. Bands with @ branches (symmetry types B and () and without
that feature appear. Application of combination relations to all bands of a given molecule
yield rotational spacings of the ground state agreeing within 0.5 percent. The spacings,
[AY — (B4 (""}]2), are, respectively, for CHyCly, 0.955 em~!; CH,Br(l, 0.888 cm™1; and
CH;Br;, 0.821 em™!,

The molecular dimensions cannot be uniquely determined from these data alone, but if
tetrahedral angles are assumed, they lead to imprebably low values of the C—halogen
distance, namely, 1.70 A for C—Cl and 1.83 A for C—Br. If the halogen— C—halogen
angle is incraased to 1129, as found by electron diffraction, the C—Cl distance is in good agree-
ment with the electron diffraction distance 1.766 A, and C— Br becomes 1,907 A in CH,Br;
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and 1.911 in CH,BrCl.

The vibrational bands of methylene chloride,

methylene bromochloride, and methylene bromide
have been measured in the infrared region, and the
bands have been assigned to various modes of
motion.! In the spectra of these molecules several
overtone and combination bands were observed in
the region 1.6 to 2.3 x. This region is well suited
for observations with the 15,000-line-per-inch grat-
ing instrument, using a lead-sulfide detector. A
detailed description of this instrument is given
a4 previous paper.?

The purpose of this investigation was to observe
and analyze the rotational fine structure of the
overtone and combination bands, From such data,
it is possible to draw certain conclusions concerning
the interatomic dimensions in the vibrationless
ground state of these three closely related molecules,
and to demonstrate the marked similarities in the
interactions of vibration and rotation in the bands
in question,

A tungsten-ribbon-filament lamp, with currents
from 35 to 40 amperces, was used as the source.
The spectral slit width was about 0.15 em™ in the
regions of 1.6 and 2.2 p. The absorption cell was
60 cm in length, and the vapors were allowed to
enter the evacuated cell until a saturated state
was reached at room temperature. For the more
intense bands, the pressure was reduced. The
conditions of pressure for each measurement are
given in the captions of the figures.

In order to obtain a good aceuracy in the measure-
ment of the wavelengths of the rotational bands of
these molecules, atomic cipission lines of krypton,
argon, and neon were superitaposed on the recorded
chart simultaneously with the recording of the
absorption spectra, A fairly large number of lines

1 Enrle K. Plyler and W. 5. Benediet, 7. REesearch NBS 47, 202 (1951) R P25,
* Ea-le K. Plyler and Norman Gallar, J. Research NBS 42, 248 (1951) K P2244.

207084—52——1

were available, because the first, second, and third
orders of certain wavelengths would be superimposed
on the first-order region under study. When the
standard lines were within 80A of each other, it
was found that measurements on lines betwcen the
standards could be repeated on separate runs to
0.5 A, or 0,1 em™!, in the 2.2-p region. All other
rotational lines were measured by means of a
dispersion curve, which was determined by plotting
the known wavelengths as a function of the counter
number, and which indicates the position of the
grating. From this relationship the wavelength of
any line could be determined. Although this
method of measurement does not yield as great
accuracy as the measurements of the lines, which
are close by a superimposed standard, it was found
that the wave numbers of any line in a band never
varied over 0.3 ¢m™! on separate runs, and usually
much less than this amount.

Typical experimental results are shown in figures
1 to 4, inclusive. A number of additional tracings
were obtained and messured, revealing additional
weaker bands whose fine structure could be inter-
preted in part, but these are not reproduced. Figures
1 and 2 present four bands of CH,Cl,; figure 3,
two bands of CH,BrCl, and figure 4, four bands
of CH,Br;. It will be noted that the bands of all
three molecules are roughly similar in position and
structure, and that the fine structure is of two
types: (1) bands with a central @ branch, flanked
by fairly broad but readily resolved ‘“lines’” whose
average spacing is approximately 1.64 cm™ in
CH,Br,, 1.80 cm™ in CH,BrCl, and 1.91 em™
in CH,Cl;, and (2) bands whose resclved ‘lines”
show identical spacings with those just listed, but
with the central ¢} branch absent.

From the approximate values of the interatomic
distances and angles (C—H=1.09 A, C—-Cl=1.76
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Ficure 1.
Baturated vapor, 40 cm, was measured in s 60 cm ce]l,
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Ficure 2.
Saturated vapor at room temperature was used with a 60 cm gell.

A, C—Br=1.90 A, tetrahedral angles) character-
istie of halogenated methanes, it is possible to ealcu-
late trial moments of inertia. For all three molecules
the axis of least moment is roughly parallel to the
halogen-halogen line (for the symmetrical mole-
cules, it is precisely parallel to this line), and the
two other moments are much larger in magnitude
and approximately equal. Accordingly, the asym-
metry parameter 5= {B—(}/(A— () 1s quite small,
taking the values 0.002, 0.004, and 0.010, respective-
ly, for CH;Br,, CH,ClIBr, and CH;Cl,. Under these
circumstances, the rotational structure will approxi-
mate that of a symmetric top, and the familiar com-
bination relations for determining the molecular con-
stants may be applied. The two types of observed

- splits the lines of different .J.

The epecirum of the 2wy band of CHyCls.

bands mentioned above are types B and C bands,
respectively, of the asymmetrie rotor, with the change
of dipole moment along the intermediate and greatest
axis of inertia, both ?)% which in the limiting case of
the symmetric rotor (when B=(', or §=0} become
““perpendicular’”’ bands. The observed “lines’” are
Ry and Py zero branches, each consisting of a number
of lines with AJ=0, AK=+1. These are super-
posed on the unresolved background of lines with
AJ=41, AK=+1. The peaks are broadened by
several causes (a) the small de%ﬁe of asymmetry

is effeet is most
pronounced for the lines of low K, near the band
center, and makes it difficult to distinguish the
lines with K<2; (b} the different moments of inertia
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*  Ficure 3. The watws and 2wy absorption bands of CH,Br(Cl, with ¢ path of 60 em and safurated vapor pressure al room
temperafure.
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Fieure 4.
The eell length was 60 cm, and the saturated vapor Ppressure was 44 mm,

in the upper and lower vibrational states, as well as
the eentrifugal distortions of the molecules, also
shift the positions of the lines of different J. These
effects are most pronounced at high X; and {¢) the
molecules with chlorine and bromine atoms of differ-
ent isotopic weights will have slightly different
moments of inertia, and hence their lines will be
somewhat displaced, leading to broadening. Quan-

The wetwa, wetwy, 2w and 2wy absorpiion bands of CH,Bry,

titative estimates of the importance of all these
effects have been made. It is concluded that they
are relatively unimportant, and that it is permissible
to apply the symmetric rotor formulas to the ““lines’”
of K >2, thereby deriving moments of inertia refer-
ring to melecules with “average” Cl and Br atomic
weights.

The wavelengths and wave numbers of the lines
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used to derive the band origins and effective rota-
tional constanis are given in tables 1 to 3. The
observed valucs are compared with values caleulated
from the formula for a perpendicular band of a
symmetric top,

ve=vo+ UL 2UK+ (V- L)K?,
where v, is the band origin, /=A4'— (B’ 4+ (")/2,

L=A"—(B"+¢""}/2, and K is the quantum num-
ber for th e lower state. The - sign is taken for the
Ry branch frequency »%, and the — sign is for the
P, frequency, vk. Since each band of & given
molecul e has a common lower state, the combination
differences A F/'(K)y=%& _,—vE ,—=4LK should be
equal, and should be a linear function of K, These
differen ces, divided by K, are plotted as a function of
K in fig ure 5. It will be noted that the points in
figure 5 are essentially constant, and that the agree-
ment of obser ved and calculated frequencies is good.
The constants are collected in table 4. The limits
of error cited are esti mated from the scatter of the
points, and result fro m a combination of the exper-
imental error in leeating and measuring the line
positions and the theoretical approximations made
in reducing data for a nonrigid, slightly asymmetric
rotating molecule of compound-isotopic composition
by formulas applicable to a rigid, symmetric mono-
isotopic molecule.

Table 4 also gives other pertinent data for the
bands, namely, the band origin », and the vibrationa]
convergence [/—L. These were obtained from th ¢
relation
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Ficure b. A plot of 8,F"{K)/4K as a function of K for each
of the molecules CH,OlL, CH,yBrCl, and CH,Br.

polB) =0} +vk ) 2=r+(U—-L)2+U—-LKE+D

The straight line resulting from a plot of »(K)
against K(K+1) has as slope (I/—L) and as inter-
cept »y+ (U—L)/2.

Included in table 4 are the vibrational data for each
band, in terms of the combination, or overtone,
frequency involved (the numbering is that used and
described in the article cited in footnote 1); the rota-
tional type, which confirms this assignment, and the
dynamic interpretation of the frequencies in. question
are also included. It will be noted that the vibra-
tional motions all involve the methylene group; g,
and »g, being the asymmetric and symmetric
stretching frequencies, and 3g, is the symmetric CH,
deformation. When the combination s-+a is asym-
metric, we have type C; when it is symmetric
(2s or 2a), we have type B. The fact that corre-
sponding transitions appear at nearly the same fre-
quency 1n the three molecules, and with closely
corresponding values of the convergence U—L, 1s
further indication of how well the vibrational motion
is localized in the methylene radical. This has the
further result that there is very little vibrational

TaBLE 1. Observed and caleulated wave numbers of the lines
of three bands of methylene chioride (CH,Cly)

The observed values only are listed for the band wsi+2ws.

eoptwy wat-ow 21 w23
a Ob: Cal Oh Cal Db Cal
- Zaley- - Zalen- - aleu- ;
served | lated | served | lated | served | Jabeq |OPServed
cm! eml [
P20 4426, 6 | 44288 | 5806 5
18 4430.7 | 4430.6 5848, b
18 4432.9 4327 S000. 6
17 4434. 8 4434. 7 5902, 4
16 44366 | 4436.8 | 58043
15 d438. 6 | 4438.8 5808 8
14 4440.7 | 4440.8 | 5608 5
14 4442, 7 4442 8 5010. 4
12 4444, 6 4444, 7 5012, 4
11 4446, 7 | 4446.7 | 59145
10 4448, 0 4448, 6 5018, 5
] 4450.6 [ 4460.6 | 5H18.3
8 44562. 5 4452 6 5020, 4
7 4454, 5 4454, 5 HE23. 2
L] 4456. 4 4456, 5 5024, 4
b 44583 | 44584 5828, 2
4 4480, 2 4460.3 59280
© 3 | de6z4| 44623 | 5929.8
X 2 ) 44645 4464, 3 | ... _ 1
T N O I
RO | | eea | e | el e Y e | e
) I I U VRN U Y S
2 44718 | MTLE | 5936.3 ; 59304 e
3 4473. 8 4473. 8 5041.2 1 594.3 GO, T 5868, 0
4 H75.7 4475, 7 50431, BO43.1 H66. & 5870.0
a 447768 4477. 5 5045, 0 | 5845, [ BOG8. 4 5871.7
] 4478. 5 4476, 4 5844, 6 hdh, 6070, 2 AETR. 6
7 4481 5 | 44814 © 5M8. 6 | HMR.T #1721 5875, 5
8 4483 3 4483. 2 aps0. 4 5u50. 6 G073, 8 8577.3
9 44852 | 44852 1 59G2.3 | ABA2.4 G075, 7 | S8T9
10 4487. 0 44R6. © 5064, 4 5464, 2 G677, 5 SB50. 9
n 4485, 0 | 4488, 7 5966, 2 5956, 0 603 |
12 44080, 7 4490, 6 #0568, 0 5057, 0 [i I §
13 4492. 6 4402, 3 5950, B 5954, 7 GOKZ, 0
14 4404, 4 444, 3 50616 | BDALE | ______ | __..__
15 44496, 1 4408, 1 5463, 2 59632 | .| .| ..o
16 44978 | 44077 B9BE. 1 5830 | ... |
17 4409, 6 4499, 7 SOB6. 6 BOGE.B | o_oo._ B
18 4501. 5 4501. 5 543, 6 BMGEB | L.l aail | oaeao
19 4603. 1 453, 2 S570.0 BTy L ol oo
Zl 4504.8 | 46050 | .- | .----. | e | ............

.
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TanLe 2. Observed and calcwloted wove numbers of the lines | TasLe 3. Obseryed end ecaleulaled wave numbers of the lines of
of two bands of methylene bromochioride (CH,BrCi) three bands of methylene bromide (CHyBry)}
e e The observod values only aro listed for the band wetw.
[ e
I Calcu- . Caleu- ‘ Zan wite 2as wetoy
[ Observed lated Observed Tated K —
h Ob-  Calen- | Ob- | Calen- | Ob- | Caleuw- | Ob-
el P served | lmted | served | Iated | served | lated served
P2 4430, 2 4430, 2 — _—
10 4432.2 14331
18 4434.0 4434.0
17 4435.8 1435.9
16 4379 37,8
T R 4439.8 4430, 7
[T I O I 441.5 4441.5
13 6058, 2 6063, 4 4443. 6 4443. 4
12 6070. 0 6070. 2 4445. 4 4445.3
1 607L. 9 60721 44473 4447, 1
0 6073. 8 6073. 9 4449, 1 4449.Q \
9 6075.7 8075.7 4451.0 4450.9 :
B 80779 6077 4 4452.8 452, 7 .
7 079, 1 6079.3 1454.6 1454, 8
6 T £08L. 1 4456. 4 4456, 4
5 | o027 6052, 9 4458, 2 4458, 2
4 6084. 7 034, 7 4458.9 4460.0
| % 6086. 4 6086. 5 1461. 9 4461, 8
SO IR I IR S
R&J _______ R
2 ! L] Taams | C4sRns
2 4472.5 1472.8
4 4474.3 4474, 4
5 4476. 1 #476. 1
il 4477.8 4477.8
7 4479.7 | 4476
8 4481.5 4481.3
8 4483, 2 4851
10 1484.9 4484.8
1 4486. 6 4486.5
12 44883 4488, 3
13 4400.0 1400.0
14 4491.7 4491, 7
15 4403, 4 4483.3
18 4485. 1 4405.0
17 4496. 7 4496. 7
18 1%.4 14583.4 w |
19 .1 1 ! -
17§ coeenee 4489.7 _
o | .- 4501. 7 4501. 8 A . -
: —_— 19 | 4182, 7 _
‘ o 4194, 2 .
21 | 4485.6 | 4485.7 | . ___
TaprE 4. Consfanls for the molecules of methylene chloride,
methylene bromochloride, and methylene bromide
Moleenle........... .. R ‘ CH:Clz CH:ClBr CH:Bra
L=A"—(B"+C"y2, om—L.____ .| 0.955 =0.003 0898 0,008 0.821 0,003
Hand ‘ Type | Vibration U—1, ’ ug U—L ‘ vg —L ug
| ' . i
em-L Doeml em-L
wtwy . O vEstEHa —.004 | 4467.2 —0.004 © 4486.3 004 | 4461.7
ey O VHa U Ha 3 X . - . 0od | 5Bed. 8
b ‘ B pAye 004 | 6113.4
2oy B 2K . 53249
a2 | o] TP 5 S (R (1" % | R (R (U S

isotopie shift due to the Cl or Br isotopes. Caleunla-
tion predicts that the »4's should be shifted by less
than 0.01 cm™!, and 85 by less than 0.1 em™!, which
is in aceordance with the failure to observe any
isotopic shifts,

The determination of a smgle ground-state rota-
tional constant, A" — (B''4-(C"")/2, in. this work can-
not, of course, lead to a determmatioﬂ of the molecular
dimensions., These depend on four or five param-

eters. The daia do, however, restrain the limits
within which the dimensions must lie. The C—H
distance and HCH angle do not appreciably affect
the moments, and may safely be taken as 1.09310~#
em, as gencrally observed in methane and its deriva-
tives, and tetrahedral HCH angle. The observed
A" —(B”+0")/2 then leads to a unique relation
between XCX angle and C—X distance for CH,Cl,
and CH,Br,. Assuming tetrahedral angles, the



C—Cl and C—Br distances would be, respectively,
1.70 and 1.83 A, improbably low wvalues. If the
angle i1s widened to 112°, as found by electron dif-
fraction,? the C—Cl distance becomes 1.766 A, and
C—Bris 1.907 A in CH,Br,. With this same value,
112° for BrCCl, and 1.766 A for C—C{l, the C—Br
distance is 1.911 A. Qur fine-structure spacings are
thus entirely consigtent with the electron diffraction
data, and confirm the fact that the halogen—C—hal-
ogen angle is appreciably greater than tetrahedral,

Since the completion of this work, & preliminary

11, 0, Brockway, Rov. Modern Phys. 8, 231 {1036).

account of a complete structural determination of
CH,Cl; from microwave spectra has been reported.*
The structural conclusions reached are the same as
ours, and the A’ — (B’ 4+ ("*}/2 obtained from these
more accurate data, 0.96097 cm™, is in reasonable
agreement with the results reported here,

+ W, 3, Gwinn and R, J. Myers, 3ymposiam on Moleeular Structure, Ohio
Btate University, June (1951).

WasaINeTON, April 1, 1952,



